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Abstract : Laser radiations are used to slow down atoms by the process o f  momentum transfer. This leads to reducing the temperature 
to microkclvin region. Gas phase atoms are trapped by using magnetic fields. The recent advances have led to the realization of the dream 
of physicists o f confining the atoms and reducing their velocities to the limit imposed by quantum mechanics. A number of new 
experiments arc possible with the cooled and trapped atoms and ions that would be useful to solve many problems of theoretical physics. 
1 unher cooling by the process of evaporative technique has led to the observation of Bose-Hinslcin Condensation predicted by Einstein 
and Rose nearly seventy-five years ago. A brief review of the method of laser cooling, magnetic trapping and evaporative cooling methods 
used for obtaining ultracold atoms are discussed It is possible to obtain temperature in the nanokelvin region without using cryogenic 
methods thus simplifying the experimental methods to a great extent.
Keywords : Laser, evaporative, cooling, B-E condensation.
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1. In troduction
The fe e lin g  o f  h o tn e s s  o r  c o ld n e s s  is re la t iv e  to  th e  
temperature o f  th e  su rro u n d in g . E very; o b jec t tr ies  to  be in 
thermal eq u ilib riu m  w ith  its en v iro n m en t. I f  g as m o lecu les  
arc filled in a  c o n ta in e r  a t ro o m  tem p e ra tu re  th ey  m o v e  a t 
random in all d ire c tio n s  in s id e  th e  co n ta in e r  and  a ttem p t to  
be in therm al eq u ilib r iu m  w ith  th e  co n ta in e r. T hey  h ave  
velocities o f  th e  o rd e r  o f  a  few  h u n d re d  m e te r/seco n d . 
Because o f  th e  ran d o m  n a tu re  o f  m o tio n  av e rag e  v e loc ity  
" = 0 . B ut <v2 >  is p o s itiv e  and  ac c o rd in g  to  k in e tic  theo ry
the absolute tem p e ra tu re  is p ro p o rtio n a l to  <v2>. T em pera tu re  
is norm ally d e fin e d  fo r  a  b u lk  m a te ria l an d  is th e  ave rag e  
property o f  th e  sy s tem . H o w ev er, tem p era tu re  is an expression  
of kinetic m o tio n  o f  th e  p a rtic le s . H en ce  th e  k in e tic  energy  
of a partic le  m a y  d e fin e  th e  k in e tic  tem p era tu re . B elow  th e  
freezing p o in t o f  w a te r  w c  h av e  th e  d o m a in  o f  so -c a l led low  
lom perature p h y s ic s  w h e re  w e  h a v e  th e  p h e n o m e n a  o f  
superconductiv ity  a n d  su p e rflu id ity . T h e  q u an tu m  law s can 
explain th e  z e ro  re s is ta n c e  o f  a  c o n d u c to r  o r  a  su p e rflu id  
climbing u p  a  w a ll w ith  z e ro  v isco s ity . A t h ig h  tem p e ra tu re  
and low d e n s ity  e v e ry th in g  is in  th e  fo rm  o f  vapou r. B u t at
low  tem p era tu re  and h igh  den sity  ev e ry th in g  is in c o n d en sed  
state. L iqu id  helium  is no t a B ose co n d en sa te  s ince  it is n o t 
a g as  b u t a liquid  w ith  strong ly  in te rac ting  atom s. F or m an y  
yea rs  peop le  tried  to ach ieve  B E C  in a  gas o f  a tom s. T he 
a ttem p t is to  coo l the a tom s to  su ffic ien tly  low  tem p era tu re  
Le. to  have  a very  low  v e loc ity  w ith o u t a llo w in g  them  to  
condense . F o r th is p u rpose  w e can first rev iew  the  basic  
p rocess  o f  con d en sa tio n . C o n d en sa tio n  s tarts  on th e  w alls  
o r  so m e dust p artic les  o r  im p u rities  in th e  sy s tem . I f  the 
system  is very  c lean  and the  a tom s are no t a llo w ed  to  to u ch  
th e  w alls  th ere  w ill be  no co n d en sa tio n . W e h av e  to  red u ce  
the  v e lo c ity  o f  the a to m s u n d e r th is co n d itio n  in o rd e r to  
ob ta in  low  tem p era tu re  gas p h ase  atom s.
2. C o o lin g  th e  a to m s  in th e  g a s  p h a s e
F o r co o lin g  the a to m s in th e  gas p h ase  o n e  has to  k eep  
them  at low  d en sity  so  th a t th e re  are  no  th ree -b o d y  co llis io n s, 
w h ich  induce  m o lecu le  fo rm ation . A n y  m o lecu le  th a t m ay  be  
fo rm ed  m ay  ac t as a  n u c leu s o f  co n d en sa tio n . I f  th ree  a tom s 
co m e  to g e th e r tw o  o f  them  co llid e  to  fo rm  th e  m o lecu le  
w h ile  th e  th ird  tak es  aw ay  th e  en erg y . A t low  d en sitie s  th e
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ch a n c e s  o f  th ree  b o d y  co llis io n s  a re  ra re  an d  so  p o ss ib ility  
o f  c o n d e n sa tio n  is rem o te . T h .e  first s tep  to  co o l d o w n  th e  
a to m s a t low  d e n s ity  is to  u se  la se r c o o lin g  [1]. W h en  th e  
a to m s a re  su ff ic ie n tly  co o led  o ne  can  u se  th e  te ch n iq u e  o f  
ev a p o ra tiv e  co o lin g . T h e  d e ta iled  d e sc rip tio n  o f  th e  p ro cess  
o f  la se r c o o lin g  is g iv en  in R ef. 2 . H o w ev er, w e  p re se n t a  
b r ie f  re v ie w  o f  th e  b a s ic  p rin c ip les . W e a lso  d e sc rib e  th e  
m e th o d  o f  e v a p o ra t iv e  c o o lin g  o rig in a lly  su g g e s te d  fo r 
o b se rv a tio n  o f  E E C  in h y d ro g en  atom .
L a se r  c o o lin g  :
A n y  ra y  o f  lig h t fa llin g  on m a tte r  ex e rts  a  p ressu re . W e do  
n o t fee l th e  e ffe c t o f  su n ray s  fa llin g  on  o u r  b o d y  becau se  
o u r  m ass  is to o  h ig h  a n d  th e  m o m e n tu m  ex e rted  b y  th e  ligh t 
p h o to n s  is to o  sm alt. I f  th e  p h o to n  fa lls on  an a to m , w h ich  
h a s  a  re so n a n c e  fre q u e n c y  eq u a l to  th a t o f  th e  p h o to n , th e  
a to m  a b so rb s  th e  p h o to n : I f  tw o  p a rtic le s  w ith  d if fe ren t 
m o m e n ta  c o m in g  fro m  o p p o s ite  d irec tio n s  co llid e  and  a fte r 
th e  co llis io n  th e  se co n d  p a rtic le  is a b so rb e d  b y  th e  first 
th e n  f ro m  th e  la w  o f  c o n s e rv a tio n  o f  m o m e n tu m  th e  
m o m e n tu m  o f  th e  se c o n d  p a rtic le  is tra n sfe rre d  to  th e  firs t 
an d  co n se q u e n tia lly  th e  f irs t p a rtic le  is dece le ra ted . S im ila rly , 
i f  an  a to m  re so n a n tly  ab so rb s  a  p h o to n  c o m in g  fro m  th e  
o p p o s ite  d irec tio n  th e  m o m e n tu m  o f  th e  p h o to n  is tran sfe rred  
to  th e  a to m  an d  th e  a to m  is p u sh e d  back  a n d  loses its 
v e lo c ity . I f  th e  a to m  a n d  th e  p h o to n  a re  m o v in g  in th e  sam e 
d ire c tio n  th e  a to m  m a y  be  a c c e le ra ted  in th e  sam e p rocess . 
In  o rd e r  to  e n su re  d e c e le ra tio n  o f  th e  a to m  th e  a to m s sho u ld  
a b so rb  o n ly  th e  o p p o s ite ly  m o v in g  rad ia tio n . T h is  is ach iev ed  
b y  u s in g  D o p p le r  e ffec t. T h e  rad ia tio n  freq u en cy  is d e tu n ed  
to  lo w er th an  th e  re so n a n c e  freq u e n c y  so  th a t d u e  to  D o p p le r 
effipet th e  a to m  w ill see  a  h ig h e r  fre q u e n c y  fo r th e  o p p o site ly  
m o v in g  ra d ia tio n  an d  m o v e  c lo s e r  to  re so n an ce  (F ig u re  1). 
B u t it w ill se c  a  lo w e r  fre q u e n c y  o f  th e  w av e  i f  it is co m in g  







Figure 1. An atom moving with a certain velocity interacts with 
counter-propagating laser beam. The laser photon is absorbed and transfer 
o f momentum o f the photon to the atom leads to deceleration of the 
atom as indicated in the lower figure.
H en ce  th e  p o ss ib ility  o f  ab so rb in g  th e  opposite ly  fno 
rad ia tio n  is larger. I f  th e re  a re  tw o  coun ter-p ropagating  wave^  
th e y  can  be  u sed  to  d e c e le ra te  th e  a to m s com ing  from both 
d irec tio n s  [1]. A fte r  th e  a b so rp tio n  th e  a to m s em it photon 
w h ich  m ay  a lso  a cce le ra te  th em . B u t sp o n tan eo u s emission 
is a  ra n d o m  p ro cess , so  th e  n e t c h a n g e  o f  momentum i 
ze ro . B u t th e  e n e rg y  c h an g e  in  th e  re c o il p rocess does no- 
av e ra g e  to  z e ro  a n d  m ay  cau se  h ea tin g . T h is leads lo 
lo w er lim it fo r co o lin g  w h ich  can  be  c a lc u la ted  (2 ]. 1 hustht 
p ro c e ss  o f  D o p p le r  c o o lin g  c a n  lo w er th e  tem perature  to th< 
o rd e r  o f  1 0 0  p K  fo r a lk a li a to m s.
O p tic a l m o la sse s  :
W ith  th e  h e lp  o f  th re e  m u tu a lly  p e rp e n d ic u la r  laser beam 
o ne  can  p ro d u c e  co o lin g  in a ll six  d im en s io n s  by rellectinj 
each  beam  b y  a  m irro r . T h is  is c a lled  o p tic a l m olasses sino 
the  a to m s ex p e rien ce  a s tro n g  v isc o u s  fo rce  in the thre< 
d im en sio n a l sp ace  [3]. W hen  a  f ly  fa lls  in a  p o t o f  molasse 
it tr ie s  to  m o v e  ou t. In  w h a te v e r  d irec tio n  th e  fly allempi 
to  m o v e  th e  m o la sse s  p u sh  th em  in th e  o p p o site  direction; 
T h e  p o o r  fly  c a n n o t m o v e  o u t. A n  a to m  in th e  optics 
m o lasse s  faces  a  s im ila r  c o n d itio n , b u t i f  it can  c o m e  out o 
th e  m o la sse s  it w ill m o v e  w ith  th e  re s id u a l ve locity  due \ 
its inertia . S o  o n e  h as to  fin d  a  m e th o d  to  ho ld  th e m  one 
th e y  a re  in th e  o p tic a l m o lasses . T h is  is a ch ie v ed  by usin 
a m ag n e tic  fie ld  [4]. It w as  fo u n d  b y  P h illip s  and  cow orker
[S] th a t th e  op tica l m o la sse s  c o u ld  p ro d u c e  a  tem p era tu r 
m u ch  lo w er th an  th e  D o p p le r c o o lin g  lim it. T h is is a cas 
w h e re  e x p e r im e n ta l  f in d in g s  s u rp a s s e d  th e  th e o re tic s  
p red ic tio n s .
S isy p h u s  c o o lin g  :
C o o lin g  b e lo w  th e  D o p p le r  lim it w as  ex p la in e d  by  D alibar 
and  C o h en -T an o u d ji [6 ] a n d  U n g a r  e t a J  [7] in tw o  separat 
p ap e rs  in 1989. B oth  th ese  p ap ers  p ro p o sed  a  n e w  m echan isr 
fo r la se r c o o lin g . T h ey  sh o w ed  th a t a  co m b in a tio n  o f  thre 
k n o w n  e ffec ts  c o u ld  p ro d u c e  su ch  low  tem pera tu re . Th 
th re e  p ro c e s se s  a re  o p tic a l p u m p in g , la s e r  p o la r iz a tio  
g ra d ie n t an d  lig h t sh ifts . In  th e  o p tic a l m o la sse s  the atom 
a re  m a d e  to  c lim b  u p  e n e rg y  h ills . W h en  th e  a to m s climb u 
to  th e  to p  o f  th e  e n e rg y  h ills  th e y  fa ll d o w n  to  the  energ 
v a lley  d u e  to  o p tic a l p u m p in g  a n d  h av e  to  c lim b  up  agair 
S isy p h u s  o f  G reek  m y th o lo g y  h a d  to  face  an  cver-climbin 
h ill w ith  a  b a ll. H e  n e v e r  h ad  a  c h an ce  to  c lim b  dow n. Th 
en e rg y  v a lley s  a re  p ro d u c e d  in  th e  sp ace  co o rd in a te  b y  th 
la s e r  p o la r iz a t io n  g r a d ie n t  p ro d u c e d  b y  th e  co u n tc i 
p ro p a g a tin g  la se r b eam s , o p tic a l p u m p in g  a n d  lig h t induce 
sh if t o f  e n e rg y  lev e ls . T h e  re a d e r  m a y  re fe r  to  an  excelled 
a rtic le  b y  P h illip s  an d  C o h e n -T a n o u d ji [8 ], T h e  atom s fac 
an  e v e r-c lim b in g  h ill a n d  h a v e  n o  c h a n c e  to  g o  down th
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energy h'**- W h e n e v e r  a n  a to m  c lim b s  u p  th e  h ill it h a s  to  
do some w ork; th u s  it lo se s  e n e rg y  a n d  g e ts  co o le d . T h e  
temperatu'^ o f  th e  o rd e r  o f  p K  c o u ld  b e  re a c h e d  fo r  a lk a li 
atoms in this p ro ce ss . B u t th is  is  n o t  e n o u g h  fo r  o b se rv a tio n  
of Bose-Einstein C o n d e n sa tio n . F u r th e r  lo w e r  te m p e ra tu re  
could be ob tained  b y  u s in g  th e  s im p le  m e th o d  o f  e v a p o ra tiv e  
cooling-
Mu^nelic trap  :
Once the  atom s a re  c o o le d  to  p K  ra n g e  o f  te m p e ra tu re  w e  
have to confine th em . I f  th e  c o o lin g  la se r is tu rn e d  o f f  th e  
atoms w ill sta rt m o v in g  a p a r t  w ith  th e ir  re s id u a l v e lo c itie s  
and w ill hit th e  w a lls  o r  w ill e v e n tu a lly  fa ll d o w n  u n d e r  
gravity. The c o ld  a to m s  u su a lly  h a v e  a  v e lo c ity  o f  a  few  
centimeters p e r se c o n d . H e n c e  a  re la tiv e ly  w eak  m ag n e tic  
field may be u se d  to  c o n f in e  th e m . A lk a li a to m s  h a v e  a 
rnagnetic m o m en t b e c a u se  th e y  h a v e  an  u n p a ire d  e lec tro n , 
rite magnetic m o m e n t is in a  d ire c tio n  o p p o s ite  to  th a t o f  
he e lec tro n  sp in . T h e  m a g n e tic  m o m e n t in te rac ts  w ith  an  
jpplied weak m ag n e tic  fie ld . I f  th e  m ag n e tic  m o m en t is para lle l 
0 the external m a g n e tic  f ie ld  th e  a to m  is a ttra c ted  to  th e  
ocal m inim um  o f  th e  f ie ld  an d  can  be tra p p e d . T h u s  th e  
uagnetic field  can  a c t a s  a  litt le  b o w l (F ig u re  2 ) a n d  th e  
itoins c an  be tra p p e d  in  th e  b o w l [4].
H
i
■gure 2. An atom with spin parallel to the magnetic field is attracted 
 ^the energy minimum and an atom with anti-parallel spin is repelled. 
RF field is chosen such that it resonates with hotter atoms near the 
of the trap. The atoms absorb the photons, the spins are reversed 
1 $0 they are repelled from the trap and are eventually lost from the 
' The frequency can be gradually lowered to get deeper into the bowl 
1 to expel more atoms.
• Bose-Einstein condensation
osons are p a rtic le s  w ith  in te g ra l sp in s  a n d  F e rm io n s  h av e  
ilf-integral sp in s . W h a t m a tte rs  m o s t is th a t  F e rm io n s  a re  
sort o f  lo n e rs  th e y  d o  n o t a llo w  m o re  th a n  o n e  
>1icle to  be in  o n e  s ta te . B o so n s  a re  m o re  so c ia l; th e y  like  
 ^ ^  together in  th e  sa m e  s ta te . P h o to n s  a re  b o so n s , b u t 
e elementary b u ild in g  b lo c k s  o f  m a tte r  lik e  e le c tro n , p ro to n , 
on etc  a re  fe rm io n s . A ll a to m s  a re  m a d e  u p  o f  a  b u n c h  
 ^fennions. I f  a n  a to m  is fo n n e d  o f  a n  ev e n  n u m b e r  o f  
nions th en  it  h a s  a n  in te g ra l sp in  a n d  it  is a  b o so n .
In his 1924 paper Satyendra Nath Bose expla ined the 
b lack body rad ia tion  from  a hot gas by treating  the photons 
as a gas o f  iden tica l particles. E inste in was ve ry  excited  after 
read ing  th is  paper and poin ted  out that the same ru le  cou ld  
be app lied  to  o ther partic les w ith  integral spins. T h is  led to 
B ose -E |is tc in  d is tribu tion . In the same year Einstein predicted 
tha t at ^ r y  low  tem perature a ll the atoms in an ideal gas o f  
id e n t ic ^  atoms m ig h t be condensed to  a s ing le  low est 
quan tu ifi state o f  the system. Th is  large num ber o f  atoms 
locked |t)gether in the same state is ca lled the Bose-E inste in 
Condensate (B E C ). Th is  is a system o f  w eak ly  in teracting  
gas p a ilic le s  a ll behaving  in the same w ay in a s ingle 
quantuiQ state. The condensate d iffe rs  from  superflu id  helium . 
The lo w  tem perature necessary fo r  ob ta in ing  B E C  is o f  the 
order o f  nanoke lv in  and such tem perature was attained and 
B E C  was observed fo r  the firs t tim e  in 1995 in  three 
laboratories [9 - 1 1 ]. In  th is  a rtic le  we shall discuss the basic 
p r in c ip le s  o f  a c h ie v in g  th is  lo w  tem pera tu re  and the 
experim ental techniques that have been used to  observe 
BEC. In  a labora to ry  where research on BEC is go ing  on one 
m ay no t fin d  a sing le  cryostat fo r  liq u id  he lium  or a single 
dewar fo r  liq u id  n itrogen . A tom s are at 300 n K  when a ll the 
instrum ents and containers arc at room  tem perature. In order 
to  understand th is  phenom enon we shall firs t rev iew  our 
concept o f  co o lin g  and heating.
A lth o u g h  B o s e -E in s te in  C o n d e n s a tio n  w as f i r s t  
experim entally realized in 1995 on the a lkali atoms experimental 
and theore tica l research [ 1 2 ] in th is f ie ld  started m uch earlie r 
[13 ]. In it ia lly  s u p e rflu id ity  in  he lium  was considered as the 
possible m anifestation o f  BEC. Experim enta l attempts to  have 
B E C  in a tom ic gases began w ith  atom ic hydrogen in a d ilu tio n  
re frig e ra to r. M agne tic  tra pp ing  and evapora tive  c o o lin g  
m ethods were developed and successfu lly  used fo r  th is  
purpose. B u t the tendency o f  in d iv id u a l hydrogen  atoms to  
fo rm  m olecules h indered the process o f  fo rm a tio n  o f  B EC  
[14 ,15 ]. E ven tua lly  B EC  in sp in -po larized  hydrogen was 
observed by the M IT  group.
E v a p o ra tiv e  c o o lin g  :
It is k n o w n  th a t a  cu p  o f  te a  c o o ls  d o w n  b y  ev ap o ra tio n . 
T h e  b asis  p h y sic s  o f  ev a p o ra tiv e  c o o lin g  is s im p le . A  cu p  
o f  te a  (F ig u re  3 ) can  be  a ssu m e d  to  c o n ta in  a la rg e  n u m b e r  
o f  te a  m o lecu le s , w h ich  m a y  b e  a c o m p le x  m ix tu re  o f  te a , 
su g a r , m ilk  an d  w a te r  h a v in g  d if fe re n t th e rm a l en e rg ie s . A n  
en e rg y  b a rr ie r  at th e  su rface  h o ld s  th e  m o le c u le s  to g e th e r . 
T h e  m o lecu le s  th a t h a v e  e n o u g h  e n e rg y  to  c ro s s  th e  b a rr ie r  
w ill leav e  th e  c u p  o r  th e y  w ill e v a p o ra te . T h e se  m o le c u le s  
w ill  h a v e  m o r e  e n e rg y  th a n  th e  e n e rg y  r e q u i r e d  fo r  
ev a p o ra tio n  o r  th e  w o rk  fu n c tio n  o f  th e  c u p  o f  tea . A fte r  th e  
m o le c u le s  w ith  h ig h e r  v e lo c ity  leav e  th e  a v e ra g e  e n e rg y  o f  
th e  re m a in in g  m o le c u le s  b e c o m e  low er. S o  th e y  h a v e  a  lo w er
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tem p era tu re . T he  p ro cess  o f  co o ling  starts  at 373 K  and  the  
tem p e ra tu re  co m es dow n to  n early  300  K. I f  w e m easu re  the 
d ecrease  in the  level o f  tea  in the  cup  w hen  it is a llow ed  to  
coo l dow n , o f  co u rse , w ithou t tak ing  a s ing le  sip, w e can  get 
an idea  o f  th e  n u m b e r o f  m o lecu les  th a t leave the cup  to  
b rin g  ab o u t th is  tem p era tu re  change. It w ill be found  tha t 
the  ch an g e  is a t m o s t 2% . T hus an  evapo ra tion  o f  2 %  o f  tea  
m o lecu les  can  p ro d u ce  a 2 0 %  change  o f  tem pera tu re . So the 
p ro cess  is indeed  very  effic ien t. I f  w e take  a cup  o f  tea  
w ith o u t any  lid  it can  coo l dow n to  very  low  tem pera tu re . 
B u t th ey  c an n o t be  c o ld e r than  th e  room  tem peratu re .
E vaporative C ooling
Evaporation of 2% tea molecules produces a 20% 
change of temperature !
Figure 3. Bvaporative cooling of a cup of tea.
It w as show n  b y  H ess 16 tha t the  idea  o f  evapo ra tive  
co o lin g  co u ld  be ap p lied  to  the a to m s co n fined  in a m agnetic  
bow l. In th is case  w e have  to  tak e  the  h ig h e r energy  a tom s 
o u t o f  th e  bow l so  th a t th e  rest w ill b e  co lder. A tom s a re  first 
co o le d  an d  trap p ed  in th e  m ag n e to -o p tica l trap  (M O T ). By 
u s in g  op tica l p u m p in g  all th e  a tom s can be b ro u g h t to  the 
sam e  sp in  s ta te  (sp in  up , say ) because  o f  the po la riza tion  
d ep en d en t se lec tio n  ru le  be tw een  the  sp in  sla tes. T he a tom s 
a re  then  a ttrac ted  to  th e  local m in im um . I f  a rad io -freq u en cy  
o sc illa tin g  fie ld  is ap p lied  to  induce tran sitio n s in the atom  
b e tw een  th e  sp in  up  s ta te  (a ttrac ted  lo th e  m ag n etic  trap ) 
an d  th e  sp in  dow n sta te  (rep e lled  by  th e  m ag n etic  trap ) the  
a to m s w ill u n d e rg o  a sp in -flip  tran sitio n . I f  the  R F  fie ld  is 
tu n e d  to  th e  h ig h e r  en e rg y  s id e  o f  th e  m ag n e tic  b o w l 
(F ig u re  2 ) th e  a to m s h a v in g  h ig h e r en e rg y  w ill first ju m p  the 
w ell and  w ill fa llo u t o f  the  bow l. W hen th e  a to m s from  the  
to p  o f  th e  bow l a rc  rem o v ed  th e  rad io  freq u en cy  can  be 
low ered  to  g e t d e e p e r  in to  th e  a tom ic  c lo u d  in th e  bow l and  
th is  w ill in d u ce  m o re  a to m s to  leave th e  bow l. T he rem ain in g  
a to m s w ill g e t c o ld e r  in th e  process. W hen a large n u m b er 
o f  a to m s a re  e x p e lled  from  th e  b a rr ie r  th e  b a rrie r p o ten tia l 
a lso  ge ts m o d ified . T h e  p ro cess  is d isco n tin u ed  w hen  th e  
tem p e ra tu re  g o es  d o w n  to  n ea rly  1 0 0  n K  and  on ly  a few
atom s are  left to  fo rm  a  co n d en sa te . T h is  p rocess o f  coolin, 
is co m p arab le  w ith  th a t in  a  cu p  o f  tea . W hen  w e take a sip 
th e  h o tte r  te a  m o lecu le s  co m e  o u t first. In a  m agnetic bowl 
th e  R F field  p rov ides sucks th e  h o tte r  a tom s.
O bserva tio n  o f  B E C  :
O bserva tion  o f  B E C  is a  m a jo r p ro b lem . T he size of the 
co n d en sa te  is o f  th e  o rd e r o f  m icron  an d  th ey  are optically 
th ick  so  it is d ifficu lt fo r ligh t beam  to  p ass  through  it. I'hc 
B EC  a tom s are  inside a  g lass  ch am b e r an d  a re  aw ay from the 
w a lls . T h e  c h a m b e r  c a n n o t b e  o p e n e d . In  the  initial 
ex p erim en ts  [ 9 - 'l l ]  on B E C  a fte r  the  fo rm atio n  o f  BEC the 
m ag n etic  fie ld  and  the  co o lin g  lasers  w ere  switched off. 
B ecause  o f  th e ir  v e lo c itie s  th e  a to m s sta rted  fly ing  apart A 
probe  laser h av in g  a  freq u en cy  in re so n an ce  w ith  one of the 
tran sitio n s o f  th e  co n d en sa te  a to m s w as focussed on the 
a tom ic  cloud . T h e  re su ltan t ab so rp tio n  caused  a shadow 
that w as reco rded  b y  a  C C D  cam era . T he photograph of 
atom ic  p o sitions in d ica ted  th e  ex p an sio n  o f  the  atom ic cloud 
since  the  m o m en t the  M O T  w as sw itched  off. Hence this 
ex h ib its  the  ve lo c ity  d is tribu tion . T he  expansion  is ver\ 
slow  as the a tom s a re  in th e  low est en e rg y  state. A sharp 
peak  o f  a tom s (F ig u re  4 ) ap p ea rin g  in th e  centre of the 
im age g ives a sig n a tu re  o f  B E C . T he  p edesta l o f  the image 
show s the  h o tte r a tom s th a t h ave  n o t been  B ose  condensed
(a) (b) (c) (<1)
i
I \xK 300 nK 150 nK
Figure 4. (a) Before the formation of BEC, atoms have a Gaussian 
distribution; (b) soon after the transition to BEC a spike appears on thi’ 
Gaussian pedestal; (c) at further lower temperature more atoms lorm 
BEC, the Gaussian becomes smaller; (d) finally alt atoms arc Dose 
condensed and the Gaussian disappears.
T hey fo llow  M axw ellian  d is tribu tion . T h e  tw o  w ings of the  ^
im age m ay  be  in te rp o la ted  an d  can  be  fitted  to  a  Gaussian, 
w hich  can  lead  to  th e  tem p e ra tu re . T h e  tim e-dependent 
m easu rem en ts  a fte r  th e  sw itch in g  o f f  o f  M O T  shows the 
ra te  o f  ex p an sio n  o f  BEC [17] an d  h en ce  th e  ra te  of heating 
T h is p ro ce ss  o f  o b se rv a tio n  o f  B E C  is d es tru c tiv e  since the | 
a tom s a re  lo st from  th e  trap .
Bose condensation o f gas atoms :
E ach  a to m  has an  asso c ia ted  d eB ro g lie  w ave leng th  A. An
atom  is sm eared  o v e r  a  d is tan ce  X  g iv en  by
A t n o rm al tem p era tu re  th is  w av e len g th  is m u c h  sm aller tfis"
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,),e average distance between the atoms. Hence there is no 
verlap of individual atom and the classical distribution 
law can describe the gas. When the gas is cooled; the 
wavelength increases. In an ultra cold gas of identical 
bosons the deBroglie wave of one atom overlaps that of 
nearby atoms (Figure 5). So the average distance between 
[be atoms becomes comparable to their deBoglie wavelength.
Fiaurc 5. (a) An atom behaves as a deBroglie wave; (b) at low
[cmpcrature the atomic deBroglie waves come closer together; (c) at 
:mical temperature the average distance between the atoms becomes 
iimparablc to the deBroglie wavelength and the deBroglie waves overlap. 
The system exhibits transition to the BEC phase.
[lence the >vave fu n c tio n s  o f  a d ja c e n t a to m s  o v e rlap . A s a  
csiilt the  b eh a v io u r  o f  th e  e n tire  sy s tem  can  b e  d e sc r ib e d  
ly a sing le  m a c r o s c o p ic  w a v e  fu n c t io n . A t  v e ry  lo w  
em perature all th e  a to m s  fa ll d o w n  to  th e  lo w est s ta te , as 
hey do not h av e  e n o u g h  e n e rg y  to  g o  to  h ig h e r  en e rg y  
tales. T h e  tra n s itio n  to  B E C  c o rre sp o n d s  to  a  tran s itio n  
rom a set o f  d is o rd e re d  a to m s to  c o h e re n t m a tte r  w av es. 
This is com parab le  to  th e  tra n s it io n  fro m  in c o h e re n t lig h t to  
ohcrent laser ra d ia tio n . A ll th e  a to m s  in  B E C  b eh av e  in a 
oherent w ay. T h e  c o n d e n sa te  m a y  be co n s id e re d  as a  n ew  
late of m atter, b e h a v in g  as a  m a c ro sc o p ic  sy s tem  o f  m illio n s  
»f atoms. A ll th e  a to m s can  b e  d e sc r ib e d  b y  a  s in g le  w av e  
unction. T his is re m a rk a b ly  s im p le . In te rfe re n c e  b e tw een  
wo freely e x p a n d in g  B E C ’s h a s  b een  o b se rv e d  recen tly  
iSj. Tw o c o n d e n s a te s  s e p a r a te d  o y  a  d is ta n c e  o f  50  
licrometers w ere  p ro d u c e d  b y  ev ap o ra tiv e  c o o lin g  o f  sod ium  
toms in a d o u b le  w e ll p o te n tia l p ro d u c e d  m y  m a g n e tic  a n d  
ptical forces a s  d e sc r ib e d  a b o v e . M a tte r  w a v e  in te rfe ren ce  
a^s observed a f te r  sw itc h in g  o f f  th e  la se r a n d  a llo w in g  th e  
odensales to  ex p a n d . T h is  sh o w s th a t th e  c o n d e n sa te s  
3 indeed h av e  a  p h a se . S o  it is p o ss ib le  to  e x tra c t a  co h e re n t 
t o f a tom s fro m  a  B E C  a n d  u ltim a te ly  m a y  lead  to  th e  
^alization o f  an  a to m  laser.
Conclusion
 ^brief review  o f  b asic  p rin c ip le s  o f  d if fe re n t co o lin g  m e th o d s  
fo r e x p e r im e n ta l  o b s e r v a t io n  o f  B o s e - E in s te in  
® ndensation in  a to m s  is  d e s c r ib e d .  B o s e - E in s te in  
*^densation in a  d ilu te  g a s  o f  a to m s w as  d e sc r ib e d  in
a n o th e r  re v ie w  [19]. T h eo re tic a l d e v e lo p m e n ts  in th e  fie ld  
h av e  sh o w n  rap id  p ro g re ss  a n d  re v ie w e d  re c e n tly  [20 ]. T he  
ex p e rim en ta l sea rch  fo r  B E C  in  d ilu te  a to m ic  g a s  s ta rted  w ith  
a to m ic  h y d ro g e n  in 1978. B u t th e  a ttem p ts  h a d  a  se rio u s  
p ro b le tn  a ris in g  fro m  re c o m b in a tio n  o n  th e  w a lls  an d  a lso  
fro m  m o le c u le  fo rm a tio n  b e c a u se  o f  th re e -b o d y  in te rac tio n . 
B y  u s in ^  R F -d riv en  e jec tio n  te ch n iq u e  o f  ev ap o ra tiv e  co o lin g  
G re y ta k | K le p p n c r  an d  th e ir  c o lle a g u e s  a t M IT  c o u ld  ach ie v e  
B E C  in h y d ro g e n  a to m s a t a  te m p e ra tu re  o f  5 0  m ic ro  K elv in  
w ith  a  | |e n s i ty  o f  10^^ atom s/cm ^ S in ce  h y d ro g e n  a to m s 
c o u ld  b ^  p ro b ed  a t m u c h  sh o r te r  w a v e le n g th  th e y  u sed  IS - 
2S  tw o-jpholon sp ec tra  fo r o b se rv a tio n  [21].
A ck n o v rted g m en ts
T h e  a u th o r  th a n k s  P ro f e s s o r  J  M iy n e k  a n d  P ro f e s s o r  
G  R em p e  o f  K o n s ta n z  fo r  th e ir  a ss is tan ce  d u rin g  th e  v is it to  
th e ir  lab o ra to rie s .
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